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The objective of this study was to compare the microstructural response of 
various DP 600 products subjected to low velocity, dynamic impact tests, typically
encountered in a car crash.  Since the response of steel is sensitive to its microstructure as 
controlled by the alloying elements, phase content, and processing; various DP 600 
products may respond differently to crashes.  The microstructure before and after 
dynamic impact deformation at 5 and 10 mph was characterized with regards to grain 
size, morphology, and phase content among vendors A, B, and C to evaluate efficiency in 
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The need for weight reduction while maintaining vehicle safety remains a driving
force in the automobile industry.  One way to increase the strength to weight performance
is the use of thinner sheets of higher strength material.  Thus production of high strength 
alloys is of interest.  Strength alone is not the only criteria as the material must also be 
able to absorb the energy of an impact in thinner sheets.  The ability of a material to 
absorb energy upon impact is referred to as crash worthiness.
The automobile industry has gained an interest in advanced high strength steels 
(AHSS) to address the issue of increased strength to weight ratio to provide weight 
reduction while maintaining crash worthiness.  Figure 1.1 shows the various classes of 
high strength steel (HSS) and AHSS alloys [1].  The class of AHSS exhibit higher 
strength than the HSS with excellent formability.  This allows weight reduction (by using
thinner gauges of sheet material) with improved passive safety, optimized environmental 
performance and manufacturing feasibility at affordable costs [2].  One of the AHSS
alloys of interest to the auto industry is the class of dual phase (DP) steels. In 1999, a
standard was developed for the DP steels (SAE J2340) in which physical properties were











Figure 1.1 Relationship between total elongation and yield strength for HSS and 
AHSS steel grades [1].
Figure 1.2 illustrates several advantages of DP steels over its precursors. These
advantages include high tensile strength, high initial work hardening rate, high uniform 
elongation and elimination of the upper and lower yield point elongation [4].  DP steels 
obtain these advantages due to its continuous yielding and high uniform elongation that 
allows the fabrication of complex shaped parts with high levels of work hardening that 
































Since there are several different categories of steel the following nomenclature is 
used: XX aaa/bbb.  Where XX is the metallurgical type of steel (DP, Transformation 
Induced Plasticity (TRIP), etc.), aaa is the minimum yield strength in MPa, and bbb is the 
minimum ultimate tensile strength in MPa.  When the steel is classified by a solitary
number for example DP 600, the number denotes the minimum tensile strength of the 
material.  The commercial designation for DP 600 is DP 590.
2.2 Steel Grade Comparison
HSS grades are characterized by a yield strength greater than 210 MPa.  These
can include mild steels and high strength low alloy (HSLA) grades.  Higher strength mild 
steel is achieved by alloying with C-Mn to achieve yield strengths higher than 210 MPa.  
To further increase the yield strength to the range of 280 to 550 MPa, HSLA steels are
microalloyed (MA) with carbon and/or nitrogen precipitates of Ti, V, or Nb in addition to 
Mn, P, or Si.
In comparison, AHSS grades have higher yield strengths than HSS and are
generally multiphase steels [1].  Included within the category of AHSS grades are DP 











exhibit greater total elongations as shown in Figure 2.1, but at the expense of additional 
alloying.  Figure 2.2 illustrates the differences in elongation among the categories of 
steels, notably the absence of an upper and lower yield point in the DP and TRIP steels.  
Although characteristics of both DP and TRIP steels are similar, the lower alloying in DP
steels results in a cost savings over the use of TRIP steels.
Figure 2.1 Relationship between ultimate tensile strength and total elongation for 














    
Figure 2.2 Tensile results for DP, TRIP, and HSLA [1].
The microstructure of TRIP steels are composed of ferrite and retained austenite 
with hard phases of bainite and martensite.  Whereas the DP steels are composed only of 
ferrite and martensite.  DP steels offer an advantage over TRIP steels with their lower 
carbon content of 0.04 - 0.2 wt.% [4] vs 0.15 - 0.40 wt.% respectively.  This low carbon 
content makes DP steels more ammenable to spot welding than theTRIP steels.  Since
TRIP steels have additional phases, the alloying content has to be higher to stabilize the 
retained austenite and accelerate the ferrite/bainite formation [1].  According to the
results of the Ultra Light Steel Auto Body-Advanced Vehicle Concepts (ULSAB-AVC) 
approximately 85% of AHSS could be used in the auto industry achieving a weight 
reduction of approximately 25% without increasing manufacturing cost [2].  Since auto 
makers want to maintain good mechanical properties, formability, crash worthiness, and 














solution.  Figure 2.3 showns the distribution amongst the steel grades with DP steels as 
the clear majority. 
Figure 2.3 ULSAB auto body steel grade distribution [2]. 
2.3 Alloying Elements in Dual Phase Steels
The microstructure of DP steels illustrated in Figure 2.4 consists of a ferrite (α) 
matrix which contains 20 - 30% of well dispersed martensite.  Typical chemistry of the
DP steels is summarized in Table 2.1 [5].  The ferrite phase is soft and gives the steel its 
low yield point and the martensite phase is hard and accounts for the strength.  DP steels 
are a category of AHSS where the microstructure is optimized through controlled thermo-
mechanical processing as the steel is quenched from the α + austenite (γ) region [4].  The
alloying is adjusted for various processing facilities and affects the temperatures of phase












Figure 2.5.  Processing of DP steel starts with an initial microstructure consisting of the
equilibrium α phase with small volume fractions of pearlite (α + Fe3C) [4]. 
Figure 2.4 Representation of DP microstructure of well dispersed martensite islands 
with a ferrite microstructure [1].













Figure 2.5 Influence of alloying elements on TTT diagram [6].
To understand how the elemental variations affect the subsequent processing, it is 
important to review the elements important in the formation of the two phases in the DP 
steels.  Various elements are referred to as α stabilizers, as seen in Table 2.1, since they
encourage the formation of α and decrease the temperature in which γ forms. Table 2.1 
also shows the alloying elements that are referred to as γ stabilizers which promote the 
partitioning of carbon to the γ phase so that high strength martensite decomposes upon 
cooling from the two phase γ + α region to form the α + martensite microstructure.  The
roles of several of these alloying elements are discussed as follows.
2.3.2 Carbon (C)
The low carbon content in DP steels help improve the weldability and formability











    
  
    
   
 
the γ phase.  Upon rapid cooling, the γ phase (Fe + C) transforms to martensite which 
gives the DP steel its increased hardness
2.3.3 Manganese (Mn)
The addition of Mn has been noted to have several significant effects.  It is 
reported to lead to a finer grain size in the DP steels resulting from a finer distribution of 
cementite/pearlite in the starting microstructure materials that are deformed below the Ac1
temperature [7].  A certain Mn content is also reported essential to avoid grain growth 
during intercritical annealing and ensure hardability upon cooling [7].  
Depending on the starting microstructure, during the intercritical anneal, Mn is 
reported to partition preferentially to the γ phase thereby increasing hardenability by
lowering the critical cooling rate for martensite formation.  To obtain more time to cool 
to the martensite start temperature, the nose of the TTT curve is moved to the right as 
seen in Figure 2.5 thus delaying the start of the pearlite/bainite transformation.  Mn has 
also been reported to decrease the intercritical anneal temperature in addition to 
broadening the α + γ + cementite field [7]. With lower intercritical anneal temperatures 
(760C), the hardenability has been attributed to more carbon partioning in the α phase
while at higher intercritical temperatures (810°C), the hardenability has been attributed to 
the microalloying elements partioning to the γ phase [8].
2.3.4 Molybedum (Mo) and Chromium (Cr) and Silicon (Si)
These elements shift the TTT curve, shown in Figure 2.5, towards the right, and 
thereby decrease the critical cooling rate (i.e. the minimum cooling rate to ensure that γ is 























Elements such as vanadium (V), titanium (Ti), and niobium (Nb) are added in DP
steels in very small amounts.  These elements are considered strong carbide formers.  The
presence of these carbides on the γ grain boundaries retards grain growth during the hot 
rolling thus limiting the γ grain size.  After intercritical annealing, the fine grained γ
transforms to a fine grain martensite [9].
2.3.6 Residual Elements
Several of the elements present are residuals from the starting steel or from the 
casting process.  These are not intentionally added, but rather are controlled to small 
quantities that are not determental to the overall properties. These elements include sulfur
(S), tin (Sn), and calcium (Ca).
2.4 Processing of Dual Phase Steels
DP steels are formed by using either the continuous annealing (CA) or batch 
annealing (BA) heat treatment methods.  These heat treatment methods are briefly
discussed. 
2.4.1 Continuous Annealing (CA)
To form DP steels, coils of suitable composition are unwound and loaded in the 
entry section of the CA line where they are welded together, from the last coil to the
incoming coil, to maintain a continuous process.  This process is illustrated in Figure 2.6 
[10].  The continuous strip of steel then passes through a pre-cleaning and electrolytic
cleaning section.  This is implemented to remove any surface oils, dirt, or other















   
  
function of the entry looper is to accumulate an adequate amount of steel coming from 
the welder so that the steel proceeds through the entire process at a stable velocity and is 
unaffected by the uncoiling and welding of a new sheet of steel.  
When the steel leaves the entry looper, it enters into the furnace for intercritical 
annealing.  The annealing occurs in the nominal range of Ac1 of 730 to Ac3 of 810°C as 
shown in Figure 2.7, although these temperatures can vary according to the alloying
elements.  After exiting the intercritical annealing furnace, the moving strip is rapidly
cooled (less than 10 seconds) to the temperature of the zinc pot which is approximately
460°C.  The zinc pot temperature is slightly above the start of the martensitic 
transformation temperature.  Thus after the moving strip exits the zinc pot, the metal air 
cools sufficiently to transform the martensite phase from the austenite as the zinc 
solidifies.  Figure 2.8 illustrates these temperature changes and associated regions of 
phase transformations.  The steel then passes through the skin pass mill and tension 
leveler section to eliminate surface texture and provide a smooth finish.  The coater 
section is next in the process, but is optional to the customer.  The moving strip finally
enters the exit accumulator and the exit section where the weld is separated and the steel 
is recoiled for shipping.  The actual heating and cooling rates vary to accommodate the
thickness of the steel and the alloying content. The use of CA lines offers the advantage












Figure 2.6 Representative schematic of a CA [10]. 
Figure 2.7 Fe-C binary phase diagram [11]












   
 
Figure 2.8 Temperature changes during continuous annealing of DP steel sheets [5].
Note:   Phases shown are:  α-ferrite, α’-martensite, and γ-austenite. 
2.4.2 Batch (or Box) Annealing (BA)
BA differs from CA by using a batch process to produce the DP microstructure.  
In the batch method as illustrated in Figure 2.9, multiple coils of sheet steel (called a
charge) are placed under a protective cover.  Then a furnace hood is positioned over the
protective cover.  The protective cover is then heated to the intercritical region for
approximately 3 hours. After the heating phase, the furnace hood is replaced with a 
cooling hood for a very slow cooling (rate of 10 °C/h or 20 °F/h) [12].  Since this method 
involves slower cooling rates, it is necessary for higher alloyed steel to be used to achieve
the desired DP microstructure. Typical alloying content in BA processing is 2.5 % Mn, 






















For this study, DP 600 sheets with nominal 1 mm thickness were obtained from 3 
vendors.  The vendors whose identification is given in Appendix A, will only be referred 
to as vendors A, B, and C in the text.
3.2 Tensile Testing
Figure 3.1 shows the Zwick/Roell Z250 load frame that was used for tensile
testing.  The load frame was instrumented with a 250 kN load cell, a vertical macro 
extensometer for measuring specimen length extension, and a horizontal extensometer for 
measuring the specimen width reduction.  Five tensile specimens each were machined 
from 3 orientations of the sheet steel for each vendor as shown in Figure 3.2.  Figure 3.3 









Figure 3.1 Zwick/Roell Z250 tensile tester.
















Figure 3.3 ASTM A370 standard sheet type dimensions [14].
Data collected during the tensile test include load, length extension and width 
reduction.  The extension and width reduction of the specimen was obtained directly from 
the extensometers which remained on the specimen for the duration of the test.  The
engineering stress vs. engineering strain values were used to determine yield strength 
(YS), ultimate tensile strength (UTS), and total elongation to failure.  These mechanical 
properties were calculated using equations 3.1 – 3.5, which are followed by a brief 
description [15].
Engineering and true stress and strain values were also calculated for each tensile
test. The strain hardening exponent n was determined by taking the slope of the true
stress vs. true strain plot.  Using Considere’s Construction, n is also equivalent to uniform 
strain during tension.
Yield strength (YS): Because there is no upper and lower yield points associated 






    
  
   
   
 
 





   
the engineering stress with a line drawn parallel to the elastic part of the curve offset by a
0.02% strain. 
Ultimate Tensile Strength (UTS): The UTS is the maximum load Pmax divided by
the original cross-sectional area Ao of the specimen as given in equation 3.1. 
(3.1)
Total elongation: Total elongation, or engineering strain to failure, is given in 
equation 3.2 as the total amount of extension experienced by the specimen lf expressed as 
a percentage of the original gauge length lo.
(3.2)
r ratio: the ratio of width strain εw to thickness strain εh using true strain values as given 
in equation 3.3.  It is a measure of the isotropic nature, or uniformity of the properties in 
all directions.  When r = 1, the material is isotropic which means that the properties are
uniform in all directions (L, T, D).  When r ≠ 1, the material shows anisotropy which 





   
 
 












Where wi and wf are the initial and final width and hi and hf are the initial and final 
thickness respectively.  To obtain the thickness measurements the equation can be
rewritten using the constant volume principle given in equation 3.4.
AoAi = loli (3.4)
Where Ao and Ai are the initial and instantaneous areas and li is the instantaneous length.  
At any point in the test, Ai is the corresponding w times h. Substituting equation 3.4 into 
3.3 results in the expression for r given in equation 3.5.
(3.5)
Strain Hardening Exponent (n): is obtained from taking the slope of a log-log plot
of true stress vs. true strain in the plastic region.  It is an indication of the amount of 
engineering strain the material can accommodate prior to non-uniform deformation or the 
occurrence of necking.  The strain hardening exponent can have values from n = 0 
(perfectly plastic solid) to n = 1 (perfectly elastic solid).
3.3 Dynamic Impact Testing
Figure 3.4 shows the Instron Dynatup Model 9250HV dynamic impact drop tower 
used to conduct the flat panel, low velocity impact tests.  The size of the flat panel test 
specimens was nominally 100 mm x 100 mm.  Impulse software was used to 
continuously record force vs. time throughout the duration of the test.  A flag positioned 












on the specimens.  This velocity was integrated as a function of time to calculate
displacement.
The maximum tup capacity was 225 kN which was calibrated for a smaller range
of 14 kN, corresponding to 80% of the load encountered in this series of tests.  Prior to 
the test, the specimens were placed in a fixture with a pneumatically actuated specimen 
clamping fixture. 























     
     
 
Figure 3.5 shows the hemispherical steel striker used which has a diameter of 10 
mm and a mass of 75 grams.  Based on the literature [17, 18], two impact velocities were
chosen for this test, 5 and 10 mph.  Three specimens each were tested from each vendor 
at these 2 impact velocities.  Table 3.1 summarizes the drop energy used for each velocity
tested. To obtain the higher velocity, the drop height was increased to engage a spring
force.  
Figure 3.5 10 mm hemispherical diameter tup insert.
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The as-received material of DP 600 from each vendor was cut using an abrasive-
cutoff saw and mounted using a Buehler SimpliMet 1000 automatic mounting press.  
After mounting, the specimens were prepared in accordance with the ASTM Standard 
Guide for Preparation of Metallographic Specimens [19].  An electric polishing machine
with a 10N force was used to grind and polish all specimens in a series of steps shown in 
Table 3.2 and Table 3.3 respectively.
Table 3.2 Metallographic grinding procedure.








120 200 60 Counter Rotate 2
320 180 60 Counter Rotate 5
600 180 60 Counter Rotate 15
1200 180 60 Counter Rotate 15












160 50 Counter Rotate 15
.3 µm
160 50 Counter Rotate 15
.05 µm




















In order to characterize the microstructure of the as-received material for each 
vendor, the material was cut and mounted to view all three orientations of the specimens 
as shown in Figure 3.6 to document grains, phase morphology, and distribution.  
Chemically etched specimens were used to reveal the grain boundaries for microscopy
images.  To view specimens in the OM, 2% nital etchant was used for 3 seconds, rinsed 
with water, and then a sodium meta-bisulfite (SMB) etch was used for 25 seconds.  The
SMB etchant results in a tinting of the steel phases to aid in identification of martensite
[20].  For viewing in the SEM, the specimens were repolished and etched with 2% nital 
for 10 seconds then rinsed in water. 
Figure 3.6 Steel specimen plate orientations for sectioning.
3.5 Optical Microscopy (OM) and Scanning Electron Microscopy (SEM)
Images of the specimens were obtained using both an OM and SEM to 
characterize the as-received and deformed microstructures.  A Leica DMI500M inverted 
OM was used to obtain bright field images.  SEM images were obtained in a JEOL 6500F












   
 
 
    
    






   
3.6 X-Ray Diffraction (XRD)
A Rigaku Ultima-III (XRD) with a Cu Kα radiation source and a beam excitation 
of 40 kV and 30 mA was used to assist in the identification of retained austenite in the as-
received specimens.  Table 3.4 lists the scan parameters used on each of the as-received 
specimens in the planar metallographic orientation.  A faster scan over the range of 40 to 
100 2θ was used as a quick check of texture of the ferrite (BCC) phase.  Since any
retained austenite would be present in small quantities, slower scans were used to 
investigate the regions of interest.  The range of 64 to 66 2θ was selected for the α (200) 
peak and the range of 72 to 76 2θ was selected for the γ (220) peak.    









64 to 66 0.02 0.02 5
72 to 76 0.02 0.02 5
40 to 100 0.02 0.05 10
The percent of retained austenite can be determined by finding the area
underneath the ferrite (BCC) peak (200) and the austenite (FCC) peak (220). Using
equation 3.6 [22], the integrated area under these peaks can be used to compute the


























    
 
   
 
     
 
    
 
    
 
     
 





      
     







X𝛄 – the percent content of retained austenite
Ihkl𝛄 – the integrated peak area of the austenite peak 
Irel𝛄 – the relative intensity of the austenite peak 
RIR𝛄 – the reference intensity ratio of austenite to corundum 
Ihklα – the integrated peak area of the ferrite peak 
Irelα – the relative intensity of the ferrite peak 
RIRα – the reference intensity ratio of ferrite to corundum
Table 3.5 gives the values used for the RIR and Irel values.  The percent content of
retained austenite calculated with equation 3.6 is an approximation because the RIR and 
Irel values used are from the Powder Diffraction Files and were not measured for this 
study.
Table 3.5 Retained austenite calculation parameters for Cu k α radiation.
Phase RIR Irel (%) (hkl)
Ferrite 11.91 [23] 13.7 [23] (200)
Austenite 7.98 [24] 17.9 [24] (220)
3.7 Elemental Analysis
Chemical analysis of the as-received material from each vendor was conducted 
using a Thermo Electron brand ARL 3460 Optical Emission Spectrometer on each 
alloying element.  The carbon and nitrogen analysis was conducted using LECO C600 












3.8 Area Fraction and Grain Size
Area fraction and grain size analysis of the as-received material from each vendor 
was conducted using ImageJ.  This was used to determine the area fraction and grain size
of martensite within the steel from each vendor.  To accomplish this, OM images were
used and boundaries of the martensite grains were manually enhanced.  The treshold was 
adjusted to clearly differentiate the martensite grains from the ferrite.  Area fraction of
the martensite phase in addition to grain size was determined using ImageJ software.  









   
 
  
   
  
   
  
 
          
 
          
 





Table 4.1 summarizes the results of the tensile testing for each vendor.  The
results show no significant difference in bulk material properties between the vendors.  
Since the r value for each vendor is approximately 1, the properties are isotropic or
virtually uniform in all directions.  The n value gives a measure of the ability of the metal 
to uniformly distribute strain [25]. 







r Uniform elongation, 'n'
A 439.9 + 2.2 626.7 + 2.8 22.6 + 0.8 1.04 + 0.04 0.14
B 391.3 + 3.2 616.5 + 5.0 25.5 + 1.0 0.93 + 0.02 0.19















     
    











    
     





4.2 Dynamic Impact Testing Results
The results of the dynamic impact test at 5 and 10 mph are shown in Tables 4.3 
and Table 4.4 respectively.  The specimens deformed under less load with less deflection, 
and hence less energy at 5 mph as compared to 10 mph. 









A 9.5 ± 0.1 1.02 ± 0.25 46.1 ± 0.5
B 9.1 ± 0.3 1.04 ± 0.25 36.4 ± 0.6
C 9.2 ± 0.1 1.02 ± 0.01 46.5 ± 0.4









A 10.8 ± 0.4 1.07 ± 0.05 55.0 ± 2.6
B 11.0 ± 0.1 1.17 ± 0.03 63.4 ± 3.5
C 11.5 ± 0.3 1.12 ± 0.05 62.8 ± 5.7
Figures 4.1 – 4.3 show how the specimens were affected by the striker after 
impact testing at 5 mph. The striker was unable to penetrate the specimens at this 












Figure 4.1 Vendor A impact at 5 mph.
Plan view of surface (a), overall sectioned side view (b), and close up of sectioned side
view (c).
Figure 4.2 Vendor B impact at 5 mph.












   
  
Figure 4.3 Vendor C impact at 5 mph
Plan view of surface (a), overall sectioned side view (b), and close up of sectioned side
view (c).
Figure 4.4 shows the plan view of the flat panel specimens after impact with the
striker at 10 mph.  Figure 4.5 shows a closer view of the 10 mph impact regions. The
striker generates enough force and energy upon impact at 10 mph to cause cracks in the 
specimens until fracture occurs in a “petal” shape.  The results of the impact test are
similar to testing performed in the literature [17, 18].  The results of this test verify no 










Figure 4.4 Comparison of striker impact at 10 mph
vendor A (a), vendor B (b), and vendor C (c).
Figure 4.5 Close up of striker impact at 10 mph
















4.3.1 Optical Microscopy of As-received Material
OM of the parent material for each vendor is shown in Figures 4.6 - 4.8. The light 
grains are ferrite and the dark grains are martensite.  The grain size of steel is affected by
the alloying and also the quenching process after it has been heated.  If the steel is cooled 
very slowly, then there is additional time for grain growth.  Conversely if the steel is 
quenched rapidly, smaller grain size occurs. Differences in the chemical composition can 
also affect grain size as Mn is reported to refine grains.
Evidence of banding in martensite grains is seen in Figures 4.6 and 4.7, but not in 
the larger grain size specimen from vendor C in Figure 4.8.  Vendor A, shown in Figure
4.6 had the highest strength and the lowest uniform elongation. Vendor B had the 
smallest grain size as shown in Figure 4.7, but also the lowest strength but highest 
uniform elongation as summarized in Table 4.1.  










Figure 4.7 Microstructure of as-received material from vendor B.











   
 
 
4.3.2 Optical Microscopy of Deformed Microstructure
After impact testing, the specimens were sectioned, mounted, polished and etched 
for viewing of the deformed region.  Figure 4.9 shows the location of the specimen 
removed for mounting and polishing.  As shown in Figure 4.9a, the specimens at 5 mph 
had to be cut in order to view the cross section of the microstructure.  For the specimens 
impacted at 10 mph, Figure 4.9b shows the petal that was broken off for mounting and 
polishing.  Figures 4.10, 4.12, and 4.14 show the OM images of the specimen 
microstructure following the 5 mph impact.  Figures 4.11, 4.13, and 4.15 shows the OM 
images of the specimen microstructure following the 10 mph impact.  Slightly more
elongation in the grain structure is noted in the specimens impacted at 10 mph as 
compared to those impacted at 5 mph.  This may be due to the shearing action as the 
impact broke through the sheet at 10 mph.
Figure 4.9 Representative location of sectioning for microstructure evaluation












Figure 4.10 Microstructure of vendor A flat panel impacted at 5 mph that was 
previously shown in Figure 4.1.  
Note: Figure 4.9a shows representative location of specimen removal. 
Figure 4.11 Microstructure of vendor A flat panel impacted at 10 mph that was 
previously shown in Figure 4.5a.  












Figure 4.12 Microstructure of vendor B flat panel impacted at 5 mph that was 
previously shown in Figure 4.2.  
Note: Figure 4.9a shows representative location of specimen removal.
Figure 4.13 Microstructure of vendor B flat panel impacted at 10 mph that was 
previously shown in Figure 4.5b.  












Figure 4.14 Microstructure of vendor C flat panel impacted at 5 mph that was 
previously shown in Figure 4.3.  
Notes: Figure 4.9a shows representative location of specimen removal.
Figure 4.15 Microstructure of vendor C flat panel impacted at 10 mph that was 
previously shown in Figure 4.5c.  













4.4 Scanning Electron Microscope
4.4.1 Scanning Electron Microscope of As-received Material
The as-received material from each vendor was examined under the SEM. Figures 
4.16, 4.18 and 4.20 show overall views of the specimen microstructures.  Figures 4.17, 
4.19, and 4.21 show higher magnification images of the ferrite, martensite and retained 
austenite.  Evidence of retained austenite was only observed in the as-received material 
from vendor B.  The retained austenite grain shown in Figure 4.19 was identified on the 
basis of the morphology showing a smoother surface texture as compared to the rough 
surface texture of the martensite grains.  Presence of retained austenite in vendor B was 
verified using XRD analysis as presented in Section 4.5.  










Figure 4.17 Closeup of area shown in Figure 4.16 for vendor A with representative 
Ferrite (F) and Martensite(M) phases labeled.









    
Figure 4.19 Closeup of area shown in Figure 4.18 for vendor B with representative
Ferrite (F),  Retained Austenite (RA), Martensite (M) phases labeled.










Figure 4.21 Closeup of area shown in Figure 4.20 for vendor C with representative
Ferrite (F) and Martensite (M) phases labeled.
4.4.2 Scanning Electron Microscope of Deformed Material
Figures 4.22 – 4.27 show the deformation microstructure of the specimens after 
impact testing.  Elongation of the grains is consistent with deformation of the impacted 
specimens, similar to OM observations, as compared with the as-received material shown 









Figure 4.22 SEM image of microstructure of vendor A after 5 mph impact.










Figure 4.24 SEM image of microstructure of vendor B after 5 mph impact with Ferrite
(F) and Martensite (M) phases labeled.











Figure 4.26 SEM image of microstructure of vendor C after 5 mph impact with Ferrite
(F) and Martensite (M) phases labeled.
Figure 4.27 SEM image of microstructure of vendor C after 10 mph impact with 





















Figures 4.28 – 4.30 gives the results of the XRD scans amongst the vendors.  The
as-received microstructures were analyzed for ferrite, martensite, and retained austenite.
The peaks shown in each of the figures are ferrite peaks with the exception of a very
small retained austenite (220) peak shown in Figure 4.29 for vendor B.  
No evidence of martensite was detected in the scans due to the very low carbon 
content of the martensite in the steels.  The lattice parameters of the BCT structure of 
martensite are a function of the carbon content as shown in Figure 4.31 [26].  Figure 4.31 
shows the experimentally determined c/a ratios for martensite reported by several 
different researchers [26].  Below approximately 0.59 wt.% carbon, the c/a ratio is unity
as shown in Figure 4.31 [26].  As the c/a ratio is unity, the BCT structure cannot be 
resolved from the BCC structure in diffraction studies.  
The XRD specimens were all scanned along the rolling direction.  Table 4.4
summarizes the differences observed in the peak intensities, which is an indication of
preferred orientation or texturing.  Table 4.4 also lists the intensities from the reference
power diffraction files (PDF) which correspond to random texture [17, 18].  Analysis of 
vendors A and B show a preferred orientation while analysis of vendor C shows peak 
intensities more similar to a random texture.  Vendor C also had the largest grain size
with no evidence of martensitic banding.  Detailed texture analysis was outside the scope









   
 
Figure 4.28 XRD scan of as-received material showing peaks associated with ferrite
(α-Fe).
Figure 4.29 XRD scan of as-received material showing peaks associated with ferrite











Figure 4.30 XRD scan of as-received material showing peaks associated with ferrite
(α-Fe).




















            
        






    
 





Table 4.4 XRD analysis of the α phase in the as-received material.






- (110) 44.67 100 67.2 14.0 100
- (200) 65.02 13.7 34.1 51.1 19.5
- (211) 82.33 24.4 100 100 35.4
Equation 3.6 was used with the XRD analysis of vendor B to calculate the 
percentage of retained austenite. The retained austenite calculated in vendor B was 
approximately 0.1%.  During the quenching process of DP steels when the metal is 
rapidly cooled from the austenite phase to martensite, occasionally not all the austenite is 
transformed.  This results in the steel to have some retained austenite in the final process.
4.6 Elemental Composition
The compositions (wt.%) of the steels used in this study are given in Tables 4.5 -
4.7. Various elements, summarized in Table 4.5, are referred to as ferrite stabilizers since
they encourage the formation of α and decrease the temperature in which γ forms. Table
4.6 shows the alloying elements that are referred to as γ stabilizers which promote the 
partitioning of carbon to the γ phase so that martensite forms upon cooling from the two 
phase α + γ region  resulting in the   α + martensite microstructure.  Alloying elements 






    
 
    
    
    
    
    
    
    
    
    
    
 
    
 
    
    
    
    
    
    
 
  
    
    
    
    
 
casting process.  They are not intentionally added, but rather are controlled to small
amounts  that are not determental to the overall properties.
Table 4.5 Composition of alloying elements (wt.%) in the DP 600 and ferrite
stabilizers.
A B C
Nb 0.003 0.040 0.002
Ti 0.001 0.017 0.0006
Cr 0.716 0.047 0.038
Mo 0.095 0.005 0.009
V 0.008 0.009 0.005
B 0.0002 0.0002 0.0003
Si 0.017 0.021 0.327
Al 0.045 0.064 0.055
P 0.012 0.020 0.017
Table 4.6 Composition of alloying elements (wt.%) in the DP 600 and austenite
stabilizers.
A B C
C 0.091 0.068 0.088
Ni 0.019 0.012 0.016
N 0.006 0.007 0.007
Mn 1.46 2.02 1.032
Cu 0.041 0.028 0.021
Table 4.7 Composition of residual alloying elements (wt.%) in the DP 600.
A B C
S 0.004 0.003 0.005
Sn 0.002 0.003 0.002








     
 
 
     
     
     
 
  
     
 
 
     
     
     
 
   
     
 
 
     
     
     
 
   
 
 
4.7 Area Fraction and Grain Size
Table 4.8 - 4.10 summarizes the grain size and percentage of each phase present 
in the as-received and impacted specimens.  Vendor B was the only specimen with 
retained austenite content of 0.1%.








A 10.1 µm 5 µm 73.5% 26.5%
B 4.3 µm 1.9 µm 72.8% 27.2%
C 16.3 µm 5.8 µm 74.5% 25.5%








A 14.4 µm 7.9 µm 76.2% 23.8%
B 6.1 µm 1.4 µm 71.7% 28.3%
C 25.5 µm 6.2 µm 74.5% 25.5%








A 21.1 µm 4.7 µm 72.5 27.5%
B 14.5 µm 2.4 µm 72.5 27.5%
C 31.4 µm 6.5 µm 70.9 29.1%
It is interesting to note that vendor B which had the smallest grain size and 
highest martensite phase percentage, also had the lowest strength and highest elongation 






Although there are slight variations in the phase composition before and after 
impact, these are considered to be within experimental error.  Variations in the grain size
reflect the deformed grain morphology in the impacted specimens, especially with 













    
  
   
CHAPTER V
DISCUSSION
Production of DP steels can be readily implemented in a facility using the 
continuous cast slab process (CSP).  This process is amenable to casting of either thick 
slabs between 7– 8” (178 to 203 mm) or thin slabs between 2 – 3.5” (51 to 90 mm).  With 
thin strip casting, the strip can be either hot rolled to approximately 2 mm, or cold rolled 
to 0.4 mm thickness.  The strip is subsequently rolled into coils which can then undergo 
further processing.
Figure 5.1 provides a schematic of a representative TTT diagram for a certain DP
steel [27].  While not specific to the chemistry of the steels in this study, it does given an 
indication of the approximate quenching time to reach the temperature for the start of the 
martensitic transformation.  
The DP steel is formed by unrolling the coil and heating it to the intercritical 
temperature between TAc1> 723 °C and TAc3< 900 °C.  After sufficient soaking time (less 
than 2 minutes) at the intercritical temperature, the microstructure transforms from a 
starting microstructure of α + pearlite to the intercritical microstructure of α + γ.  Since
martensite forms from the transformation of the γ phase, the chemistry and the 










    
 
    
    
    
 
Figure 5.1 TTT diagram for various steels [27].
Estimates of the intercritical anneal temperature for the 3 vendors were based on 
applying the lever rule to the phase composition summarized in Table 4.8.  Estimates of 
the intercritical anneal temperature are summarized in Table 5.1.  Note this is the
temperature the material must reach, not the furnace setting which would be higher.
Table 5.2 Estimated intercritical anneal temperature.




A 0.09 0.04 742
B 0.07 0.02 725








   
  
 
   
   





       
       
       
 
After the two phase steel leaves the intercritical furnace, it is rapidly cooled (less 
than 10 seconds) to 460 °C to match the temperature of the zinc pot.  The steel is then 
cooled, to promote the martensite transformation in addition to solidifying the zinc 
coating as previously illustrated in Figure 2.6.
Table 5.2 summarizes the estimation of the martensitic start temperature (Ms), 
obtained by using the various elemental concentrations given in Tables 4.5 - 4.7 and 
equations 5.1 and 5.2 [28].  T0.5 denotes the temperature for 50% transformation of the γ 
to martensite and T0.9 denotes the temperature for 90% transformation of γ to martensite.  
While exact times and temperatures are strongly dependent on the alloying systems, data
presented in Figure 5.1 shows that the quenching time to start the formation of martensite
for this specific DP 600 was around 10 seconds at approximately 440 °C [27], which is 
similar to estimated temperatures in this study.  No information was provided in this 
reference [27] to identify either the vendor or the chemical content.  
Table 5.3 Estimation of annealing and transformation temperatures.














A 1.5 14.4/7.9 742 426 414 394
B 2.0 6.1/1.4 725 440 428 409




   
 
 
   
  
 
   




The volume of martensite at various temperatures during cooling after the zinc pot was 
calculated using equation 5.2 [27].
(5.2)
Where T is the absolute temperature and constant and were determined using
equation 5.3 and 5.4 respectively.
(5.3)
(5.4)
Critical cooling rates for comparable grain sizes and alloying reported in DP
materials is reported to be between -50 K/s and -20 K/s [7].  Since the maximum 
differential temperature range for the estimated temperatures in Table 5.2 is 51 to 65 K, it 
is feasible that all 3 vendors are within this reported critical cooling rate. This indicates 















In reviewing the DP 600 data from 3 vendors, although the alloying amounts 
differ, there was no substantial difference in the mechanical behavior at quasi-static or
dynamic loads.  The uniform elongation, summarized in Table 4.1, is shown in Figure 6.1 
to scale with the yield ratio of UTS divided by yield strength.  The fine grained 
microstructure of vendor B displayed the most elongation and had also the highest stress 
ratio.  Only 1 vendor had retained austenite in the starting material which transformed 
after impact to form additional martensite. 


















Although microstructures varied, including some evidence of minor banding, the 
mechanical property data showed isotropic behavior as evidence by similar n values.  The
largest variation amongst the 3 vendors was in the chemical content which is indicative of 
variations in heat treatment and processing capabilities of the various companies.  These
findings are in agreement with SAE J2340 that set physical property limits but not 
chemical limits on the DP steels.  Thus various vendors are free to develop processing
schedules utilizing the capabilities of their facility with regards to heat treatment 
schedule.
Although some martensite banding was noted in two vendors, it was not severe
enough for cracking to be observed in the martensite phase.  The equations obtained from 
the literature appear to give reasonable temperatures for the various processing steps.  
Thus it appears that the alloying amounts could be slightly modified to reduce costs.  
The material obtained was from processing plants that do not utilize an electric
arc furnace.  As the alloying would be different in plants utilizing electric arc furnaces, 


















RECOMMENDATION FOR FUTURE WORK
Since specimens were available from 3 vendors with varying elemental 
composition, a further study could be undertaken to evaluate potential differences to the
final product with changes to the time and temperature of the process.  To evaluate the 
effects of the initial phase content and distribution as influenced by the initial coil, a 
follow on study could focus on the initial slab casting parameters for the hot rolled 
produced used to form DP 600.  By conducting a heat treatment above the Ac3
temperature, the initial microstructure could be restored to a + pearlite.  The specimens 
would then be subjected to the variations in the intercritical anneal followed by a
simulated cooling to match the time after leaving the zinc pot to form the DP.  Hardness 
measurements and microstructural characterization would be used to evaluate any
potential differences introduced by the variation in alloying systems with different 
time/temperature processing.
Conversely, the construction of TTT or continuous cooling transformation (CCT)
curves would be beneficial in understanding the phase composition found before impact.  
More detailed understanding of the uniformity of deformation could incorporate a grid 
pattern on the impact specimens.  This would allow a mapping of the uniformity of the







To expand this study of chemistry effects on the behavior of DP 600, it would be 
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Specimens for this study were provided by 3 steel manufacturing facilities. 
Vendors A, B, and C were provided by Severstal Dearborn, U. S. Steel, and Arcelormittal 
respectively.
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